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The main objective of this study is to investigate experimentally the two-phase flow
characteristics in terms of the direct contact condensation of a steamewater stratified flow
in a horizontal rectangular channel.
Experiments were performed for both airewater and steamewater flows with a co-
current flow configuration. This work presents the local temperature and velocity distri-
butions in a water layer as well as the interfacial characteristics of both condensing and
noncondensing fluid flows.
The gas superficial velocity varied from 1.2 m/s to 2.0 m/s for air and from 1.2 m/s to
2.8 m/s for steam under a fixed inlet water superficial velocity of 0.025 m/s. Some advanced
measurement methods have been applied to measure the local characteristics of the water
layer thickness, temperature, and velocity fields in a horizontal stratified flow. The
instantaneous velocity and temperature fields inside the water layer were measured using
laser-induced fluorescence and particle image velocimetry, respectively. In addition, the
water layer thickness was measured through an ultrasonic method.
Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society.1. Introduction
The direct-contact condensation (DCC) occurring in a steame-
water stratified flow is an important thermalehydraulic phe-
nomenonrelevant to the safetyofnuclear reactor systems. Fora
pressurized thermal shock with a partially water-filled cold leg,Safety Research Division,
ublic of Korea
. Song).
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sevier Korea LLC on behathemixing of hot and cold water and the DCC heat transfer in a
horizontal flow zone can be frequently encountered in postu-
lated accident situations. A condensation-induced water
hammer in horizontal pipes, which initially occurs by a DCC of
steam on the subcooled water in a horizontal stratified flow, is
another well-known engineering safety issue. The modeling ofKorea Atomic Energy Research Institute (KAERI), Daedeok-Daero
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Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 2 6 7e2 8 3268DCC in a steamewater stratified flow is particularly important
in the analysis of pressurized thermal shock and condensation-
induced water hammer.
A number of experimental studies have been previously
performed to investigate the DCC phenomena for a stratified
two-phase flow in a horizontal flow channel. Empirical cor-
relations of DCC heat transfer in the form of a powerelaw
relationship of the parameters were derived from the experi-
mental measurements.
Segev et al. [1] and Kim et al. [2] investigated an interfacial
condensation heat transfer for a counter-current steame
water stratified flow in an inclined rectangular channel. Kim
et al. [2] found that for the given flow conditions, the heat
transfer coefficient increases as the water layer thickness
decreases (or, equivalently, the inclination angle increases),
and that the Froude number is a better correlating parameter
than the gas Reynolds number. Lim et al. [3] investigated the
condensation of steam on a subcooled water layer for a co-
current flow in a horizontal rectangular channel. They found
that the condensation heat transfer coefficient increased with
the increase of steam flow rate and water flow rate. Chu et al.
[4] and Lee et al. [5] investigated an interfacial heat transfer for
counter-current steamewater stratified flow in a horizontal
circular pipe for a smooth and wavy liquid flow, respectively.
They investigated the parametric effects of the flow rates of
steam and subcooled water and the degree of subcooling on
the condensation heat transfer. In addition, they showed that
the thermal resistance of the water layer is appreciably large
in the thick water layer. Park et al. [6] investigated an
interfacial heat transfer for both co- and counter-current
steamewater stratified flows in a horizontal circular pipe.
They investigate the effects of the flow direction and channel
geometry on the condensation heat transfer.
Some other attempts have been made to derive the
analytical correlation of the heat transfer coefficients in terms
of the turbulent properties for its implementation in compu-
tational fluid dynamics simulations. Hughes and Duffey [7]
developed a description of the mass, heat, and momentum
transfer based on the so-called surface renewal concepts for
DCC in turbulent separated shear flows, which points out an
important role of the turbulence characteristics of the liquid
layer. Coste et al. [8] introduced a condensation model usingPump
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Fig. 1 e Schematic of the HOCO test loop. HOCa turbulent Reynolds number and Prandtl number of the
liquid phase based on the surface renewal theory. Banerjee
et al. [9] introduced a surface divergence model using the
divergence of the 2D velocity vector tangential to the
interface due to its fluctuation motions. Lakehal et al. [10]
modified a surface divergence model from Banerjee et al. [9]
and applied it in their direct numerical simulations.
Experimental data have been used to validate the analyt-
ical model and computational fluid dynamics analysis. How-
ever, most of the previous experimental studies adopted
point-wise thermocouples and pitot tubes for measuring the
temperature and velocity profiles in the flow. Even though
local measurements provide information about the interfacial
heat transfer characteristics, their usefulness is rather limited
compared to the field-wise measurement method. Experi-
mental data for visualizing the flow motion and turbulence
structure caused by a DCC in a stratified flow are still lacking
despite a lot of experiments having been performed.
The main objective of this study is to experimentally inves-
tigate the flow characteristics of a co-current airewater and
steamewater stratifiedflow inahorizontal rectangular channel
by visualizing the liquid motion, which causes a mixing and
stratification of hot and cold water by exchanging the mass,
momentum, and energy at the gaseliquid interface. This work
presents experimental measurements of the local interfacial
characteristics, temperature, and velocity distributions of the
water layer in a co-current stratified two-phase flow for both
condensing steamewater and noncondensing airewater cases.2. Materials and methods
2.1. Experimental apparatus
The test facility, called the HOCO (horizontal condensing two-
phase flow test loop), was designed and constructed in such a
way that the DCC of steam in a stratified flow and the behavior
of the water layer along a horizontal channel can be easily
measured in a steamewater or airewater flow with either a
co-current or counter-current flow configuration. Fig. 1 shows
a schematic of the HOCO test facility. The test loop consists of
a test section; supply systems of air, steam, and water; aHeat
exchanger
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Fig. 2 e Schematic of the test section: (A) inlet section and thermocouples installation; (B) axial dimension of test section;
and (C) cross-sectional view.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 2 6 7e2 8 3 269control system; and a data acquisition system. Fig. 2 shows a
schematic of the test section. The test section has a
rectangular cross-section with a length of 1.850 m, a width
of 0.08 m, and a height of 0.06 m. The test section is made of
stainless steel 10 mm thick. In order to visualize the
stratified two-phase flow, Pyrexeglass windows
(40 mm  60 mm) are installed in the front and on top of the
channel, and polycarbonate windows (40 mm  80 mm) are
installed on the bottom of the channel. As shown in Fig. 2C,
these windows are located at 0.265 m, 0.595 m, 0.925 m,
1.255 m, and 1.585 m from the end of the inlet plate, which
is installed for the separation of the injected water and gas
flow.
Steam is produced by an electric steam boiler with a
maximum power of 100 kW, and air is supplied from a
compressor. The water is pumped from a storage tank to the
test section. The water temperature is controlled by adjust-
ing the secondary flow of the heat exchanger located up-
stream of the pump, as shown in Fig. 1. The rate of
volumetric air and steam flow injected into the test section
are measured independently by a Rosemount 8800D vortex
flowmeter. The mass flow rate of the water injected into
the test section is measured by a Rheonik RHM15 Coriolis
flowmeter. The density of the air, steam, and water is
estimated from the temperature and pressure measured by
Watlow AF thermocouples and Rosemount 3051S pressure
transmitters, respectively.
2.2. Ultrasonic method
Fig. 3 shows a schematic of the ultrasonic system for
measuring the water layer thickness. The main components
are an ultrasonic transducer, pulserereceiver, digitizer,application software, and a function generator. The
ultrasonic transducer sends out a pulsed ultrasonic wave.
The subsequent echoes generate voltage in the transducer,
which is sent back to the pulserereceiver. During the
intervals between pulses, the pulserereceiver is
automatically switched to the echo signal receiving mode.
The frequency of the transducer is properly chosen based on
the required sensitivity and depth of penetration. The higher
the frequency, the better the sensitivity but the lower the
depth of penetration. The pulserereceiver provides a high-
voltage pulse required by the ultrasonic transducer. A
Panametrics 5077PR square wave pulserereceiver was used
in this experiment. Prior to starting the measurements,
several parameters such as the pulse voltage level, pulse
repetition frequency, damping, band pass filtering settings,
and others are adjusted. The received analogue signal from
the ultrasonic transducer is amplified and reconstructed
prior to being sent back to the digitizer. A National
Instruments PXI-5122 digitizer was used for converting the
voltage radio frequency signals received from the
pulserereceiver into digital data using an analog-to-digital
converter.
An ultrasonic technique has been applied to the mea-
surement of the water layer thickness in this experiment, as
shown in Fig. 3. The ultrasonic pulse, generated by the
transducer installed at the bottom of the channel, travels
across the water layer with the speed of sound waves in the
water. Then, the ultrasonic pulse is reflected at the water
interface, and finally returned to the transducer. The
thickness of the water layer is estimated from the measured
transit time of the ultrasonic pulse and velocity of the sound
in the water. The measured transit time is divided by a
factor of 2 to account for the round-trip travel path, and
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Fig. 3 e Schematic diagram of the ultrasonic system for liquid layer thickness measurements.
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process is expressed by Eq. (1):
df ¼ cf*t2 ; (1)
where df is the thickness of the water layer, cf is the speed of
the sound waves in the water, and t is the measured round-
trip transit time. The speed of sound in the water is estimated
from the steam table.
The acquired data are entered in the application software
for analysis, and the results are stored and displayed. National
Instruments LabVIEW software was used as the application
software. The application software consists of the acquisition,
control, analysis, display, and data storage. The data from the
digitizer are processed and analyzed according to several
defined parameters. Then, the raw data and calculated water
layer thickness data are stored by the LabVIEW code. The
pulserereceiver, digitizer, and application software require
precise timing during the measurements to ensure the accu-
racy of the results. The synchronizer acts as the time base
(trigger source) of the measurements, and controls the pulse
repetition frequency of the pulserereceiver and data acquisi-
tion frequency of the digitizer.2.3. Laser-induced fluorescence method
The laser-induced fluorescence (LIF) technique has been
applied to the measurement of instantaneous temperature
distributions in the water layer. The LIF temperature mea-
surement technique is an optical method based on the mea-
surement of the fluorescence intensity of temperature-
sensitive dye which is uniformly mixed with water. The
emitted fluorescence energy is defined as:
I ¼ I0ce∅; (2)
where I0 is the incident light flux, c is the concentration of the
dye, e is an absorption coefficient, and ∅ is the quantum effi-
ciency. For some dyes, such as rhodamine B, the quantum
efficiency is temperature dependent as 2%/K and the absorp-
tion coefficient has a small temperature dependency as 0.05
%/K. If one can keep the incident light flux and dye concen-
tration constant, then it is possible to measure the tempera-
ture of the solution.
From the calibration process, the relationship between the
water temperature and fluorescence emission intensity is to
be obtained as shown in Fig. 4. In the calibration process, the
Fig. 4 e Fluorescence emission intensity against
temperature: a calibration of the laser-induced
fluorescence technique.
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temperature of the water flowing through the test section.
The temperature of the water has been measured by six
thermocouples (0.5 mm diameter), as schematically shown
in Fig. 2A, mounted on a thin tube in this experiment. The
thermocouples are located at 15 mm, 20 mm, 24 mm,
26 mm, 28 mm, and 30 mm from the bottom surface. The
detailed shape and locations of the thermocouple guide are
shown in Fig. 2A and 2C. The calibration temperature of the
water was slowly varied from 30 C to 99 C with a time
control of an electric heater and heat exchanger system forNd-YLF
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Fig. 5 e Schematic diagram of the simultaneous particle image
measurement systems.the calibration experiment. When a spatially uniform
temperature in the whole field of the measurement area is
achieved, 100 fluorescence emission intensity images are
acquired by a charge-coupled device (CCD) camera. Fig. 4
shows a typical variation of the mean fluorescence emission
intensity against the mean temperature at a certain point of
the measurement area. A calibration curve is obtained in the
form of an exponential function from an ensemble average
of 5  5 image pixels. Individual calibration curves,
generated for every spatially separated point, contribute to
eliminating the influence of the nonuniform distribution of
the incident laser light sheet intensity.
2.4. Simultaneous particle image velocimetry/LIF
applications
As for the simultaneous usage of the particle image velocim-
etry (PIV)/LIF technique, very few studies can be found in the
literature. Dahikar et al. [11] performed experiments for steam
injected centrally at the bottom of a vertical rectangular water
vessel by employing the PIV and LIF method to measure the
instantaneous velocity and temperature field.
In this study, PIV and LIF techniques are applied to the
simultaneous measurement of the water layer velocity dis-
tributions and the water layer temperature distributions,
respectively. A schematic arrangement of the optical setup for
the simultaneous PIV/LIF measurement system is shown in
Fig. 5 together with the aforementioned ultrasonic measuring
system. The PIV and LIF images are acquired simultaneously
using two CCD cameras. The PIV image is acquired by a
Vision Research Phantom V711 CCD camera with a
resolution of 960  800 and acquisition frequency of 500 Hz.
The LIF image is acquired using a Princeton InstrumentsCCD camera
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Table 2 e Estimated uncertainty of the individual
measurement parameters.
Parameter Overall uncertainty
Inlet water flow rate 2.1
Inlet gas flow rate 1.3
Inlet flow temperature (C) 1.0
Local water layer velocity 2.7
Local water layer temperature (C) 3.2
Local water layer thickness 0.42
Data are presented as % unless otherwise indicated.
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and acquisition frequency of 10 Hz.
The cameras are installed perpendicularly and the beam
splitting optic is placed between the cameras and sight glass
of the test section at a 45 angle. The beam splitting optic splits
the incident light into 50% transmitted light and 50% reflected
light. The transmitted light is transferred to the PIV camera
and the reflected light is transferred to the LIF camera. A
Litron Lasers LDY302 PIV pulsed Nd:YLF laser with an emis-
sion wavelength of 527 nm and power of 20 mJ is adopted and
synchronizedwith the camera using a pulse generator. A laser
beam emitted from the pulsed Nd:YLF laser is expanded by a
planoconcave cylindrical lens to forma planar laser sheet, and
the thickness of the planar laser sheet is minimized in a water
layer using a planoconvex cylindrical lens.
Silver-coated particles with a mean diameter of 10 mm are
used for the PIV measurement, and Rhodamine-B tempera-
ture sensitive fluorescence dye is used for the LIF measure-
ment. The particle and fluorescence dye are premixed with
deionized water in a water storage tank. The concentration of
fluorescence dye in the water is carefully controlled at about
0.25 mg/L. The light incident on the camera includes both
illuminated particles and fluorescence through the use of a
laser light sheet. A long pass filter with 560 nm is installed in
front of the LIF camera to eliminate any incident particle light
that may be illuminated.
2.5. Test parameters and test procedure
The controllable test parameters are the inlet flow rates of the
fluids and the inlet water layer thickness.
In this study, the major test parameters are the air and
steam flow rates. The experiments were conducted by varying
the inlet air or steamflow rate to adjust the superficial velocityTable 1 e Test matrix of the present experiments.
Experiments Test ID
Water
temperature
(C)
Gas
temperatur
(C)
Co-current
Airewater
COAWL1G12W25D28T1 29.3 29.4
COAWL1G16W25D28T1 30.0 30.8
COAWL1G20W25D28T1 29.3 30.8
COAWL2G12W25D28T1 28.5 31.7
COAWL2G16W25D28T1 28.7 31.9
COAWL2G20W25D28T1 29.6 32.5
COAWL3G12W25D28T1 28.6 33.4
COAWL3G16W25D28T1 28.6 33.5
COAWL3G20W25D28T1 29.6 33.7
COAWL4G12W25D28T1 29.5 32.8
COAWL4G16W25D28T1 29.8 32.4
COAWL4G20W25D28T1 30.0 32.6
Co-current
Steamewater
COSWL1G12W25D28T2 28.6 99.5
COSWL1G20W25D28T2 27.4 99.5
COSWL1G28W25D28T2 32.0 99.7
COSWL2G12W25D28T2 29.6 99.9
COSWL2G20W25D28T2 29.7 99.7
COSWL2G28W25D28T2 31.7 100.0
COSWL3G12W25D28T2 28.5 99.5
COSWL3G20W25D28T2 28.6 99.6
COSWL3G28W25D28T2 30.7 99.7of each phase. The present test conditions are summarized in
Table 1. The superficial velocity of the inlet water is fixed at
0.025 m/s. The superficial velocity of the air is varied from
1.2 m/s to 2.0 m/s and the superficial velocity of the steam is
varied from 1.2 m/s to 2.8 m/s. The vertical location (y-
direction) of the inlet plate bottom surface is fixed at 28 mm,
and the water layer thickness at the axial location (x-
direction) of 0.265 m is fixed at 28 mm. The system pressure
is atmospheric pressure and the saturated steam is injected
into the test section. The experimental results were taken at
an axial location of 0.265 m, 0.595 m, 0.9925 m, and 1.255 m
downstream at the end of the inlet plate.
The test procedure is as follows. (1) Prior to performing the
experiments, an LIF calibration experiment is carried out only
for a steamewater test. (2) The inlet flow rate and temperature
of the water are set to the desired values with the control of
the pump speed and the secondary flow of the heat
exchanger, respectively. (3) The inlet flow rate of the steam or
air is set at the desired value with the valve opening adjust-
ment. (4) The water layer thickness at an axial location of
0.265 m is set at the desired value with the openingInlet Condition
e
Water superficial
velocity (m/s)
Gas superficial
velocity (m/s)
Water layer thick.
(at x ¼ 0.265 m; mm)
0.0252 1.24 28.45
0.0250 1.64 27.74
0.0248 2.03 27.58
0.0252 1.23 27.85
0.0249 1.63 27.74
0.0249 2.01 28.09
0.0252 1.26 28.06
0.0252 1.63 28.09
0.0252 2.00 29.12
0.0252 1.21 28.43
0.0249 1.66 28.17
0.0251 2.05 28.32
0.0249 1.24 29.21
0.0249 2.04 29.33
0.0249 2.82 29.06
0.0249 1.19 29.13
0.0249 2.03 29.31
0.0244 2.82 28.92
0.0247 1.19 29.64
0.0249 2.03 29.50
0.0250 2.81 29.01
Fig. 6 e Time-dependent variation of water layer thickness. (A) Airewater co-current flow; (B) steamewater co-current flow.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 2 6 7e2 8 3 273adjustment of the valve installed at the water outlet. (5) When
the desired water layer thickness and flow rates reach steady-
state conditions, all measurement parameters are simulta-
neously recorded by the data acquisition system.In the present experiments, to examine the effect of the gas
flow on water layer thickness variation, the inlet water layer
thickness and inlet water flow rate are fixed, and thus the
Froude number (Fr ¼ V= ﬃﬃﬃﬃﬃﬃgDp ) at the test section inlet (x ¼ 0) is
Fig. 7 e Variation of the average water layer thickness. (A)
Airewater co-current flow and (B) steamewater co-current
flow.
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with the changes of flow velocity and boundary conditions
(e.g., inlet and outlet geometry). In the present experiments,
prior to the measurements, the water layer thickness is
elevated with the control of the water drainage. The water
drainage from the test section is controlled by the opening
adjustment of the valve installed at the water return line. The
valve opening adjustment is controlled to regulate the pres-
sure at the water outlet. The pressure in the test section outlet
increases due to a gas flow, which increases the water
drainage. During the measurements, the mass balance of the
test section is preserved. Under these conditions, the water
layer thickness remains constant at any point in the test
section. The different average water layer thickness along the
channels is not related to the valve adjustment, however, due
to condensation, shear stress, or other factors.2.6. Measurement uncertainties
The uncertainty of the water layer thickness measured by an
ultrasonic method is caused by the measurement of theround-trip transit time and the velocity of the sound waves in
water. The velocity of the sound waves in water is evaluated
from the steam table and measured water layer temperature
with an error of 0.2%.
The uncertainty of the temperature measured by the LIF
method applied in the present work is caused by the uncer-
tainty of the calibration curve and the variation of fluores-
cence dye concentration in a water layer owing to the steam
condensation. The calibration curve is determined as a func-
tion of the calibration temperature (measured by means of a
thermocouple with an error of 0.5 C) and the statistical error
of the ensemble-averaged image (<0.5%). The variation of the
fluorescence dye concentration owing to the steam conden-
sation cannot be completely exchanged. The bias of the LIF
temperature data caused by the variation of concentration is
estimated by comparing the temperature data measured by
the thermocouples installed for the LIF calibration.
Uncertainties of the experimental parameters are esti-
mated according to the International Organization for Stan-
dardization Guide to the Expression of Uncertainty in
Measurement [12], or ISO GUM. The uncertainty analysis is
performed in accordance with a 95% confidence level. The
estimated overall uncertainty of each measurement
parameter is summarized in Table 2.3. Results and discussion
3.1. Water layer thickness
Fig. 6 shows a time-dependent variation of the water layer
thickness obtained from an ultrasonic measurement system
for various air and steam inlet flow rates. The water layer
thickness was measured with a frequency of 50 Hz. As
shown in Fig. 6, the amplitude of the wave height and the
interface irregularity increase as the air flow rate increases.
Under a steamewater flow condition, however, the
amplitude of the wave height is not significantly affected by
the steam inlet flow rate. For the airewater flow conditions,
the air velocity remains constant along the channel. For the
steamewater flow conditions, however, the steam velocity
decreases owing to the condensation while going
downstream. As shown in Section 3.4 below, the evaluated
steam velocity is decreased to 1.211 m/s at x ¼ 0.595 m for
an inlet steam superficial velocity of 2.0 m/s, and decreased
to 1.189 m/s at x ¼ 0.925 m for an inlet steam superficial
velocity of 2.8 m/s. In the stratified flows, the wave grows
due to a shear stress on the gaseliquid interface. The
decreased velocity results in a decrease in the shear stress
and the restrictions on the growth of the wave. This trend is
consistent with the airewater conditions in respect to the
proportional relationship of wave growth and superficial air
velocity. Under the same superficial gas velocity conditions,
the airewater flow condition shows a higher wave
amplitude due to the property difference between steam and
air.
Fig. 7 shows a variation of the averagewater layer thickness
along the streamwise direction at different air and steam flow
conditions. In the case of an airewater flow, the averagewater
Fig. 8 e Instantaneous temperature fields in a water layer at two different axial locations (steamewater co-current flow). (A)
x ¼ 0.577e0.602 m, jg ¼ 2.0 m/s and (B) x ¼ 0.907e0.932 m, jg ¼ 2.0 m/s.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 2 6 7e2 8 3 275layer thickness increaseswith respect to the distance from the
water inlet, and the increasing rate of the thickness also
increases with the increasing air flow rates. On the contrary,
the average water layer thickness decreased for the first one-
third of the channel (x ¼ 0e0.595 m) in case of thesteamewater flow conditions. As the water continues to flow
downstream (x ¼ 0.595e0.925), the average water layer
thickness is increased, as in the airewater flow conditions.
In a stratified horizontal flow, from the momentum bal-
ance, the pressure gradient of each phase is related to the
Fig. 9 e Mean temperature fields in a water layer with
different steam velocity at two different axial locations
(steamewater co-current flow). (A) x ¼ 0.577e0.602 m,
jg ¼ 1.2 m/s; (B) x ¼ 0.907e0.932 m, jg ¼ 1.2 m/s; (C)
x ¼ 0.577e0.602 m, jg ¼ 2.0 m/s; (D) x ¼ 0.907e0.932 m,
jg ¼ 2.0 m/s;. (E) x ¼ 0.577e0.602 m, jg ¼ 2.8 m/s; and (F)
x ¼ 0.907e0.932 m, jg ¼ 2.8 m/s.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 2 6 7e2 8 3276liquid layer thickness (df ) and momentum transfer due to
interfacial shear. The relationship between the pressure
gradient of the two-phases is as follows:

dp
dx

f
¼

dp
dx

g
þ rf g
ddf
dx
(3)
The one-dimensional, steady-state momentum balance on
a liquid cross-sectional area Af can be written as follows:
Af

dp
dx

f
Afrf g
ddf
dx
 rf
dp
dx

u2f Sf

¼ tf Sf  tiSi (4)
A similar expression is obtained for the gas layer as
follows:
Ag

dp
dx

g
 rg
d
dx

u2gSg

¼ tgSg þ tiSi (5)
For the co-current flow conditions, the gas momentum is
transferred to the water layer by interfacial shear. Conse-
quently, the water layer thickness is increased owing to the
interfacial shear by the gas flow. However, for the condensingco-current steamewater condition, the steam velocity is
decreased along the channel owing to condensation. Lim et al.
[3] observed an increase in the steam static pressure along the
channel and its effect on the water layer thickness. According
to Bernoulli's principle, an increase in the static pressure is
from a decrease in steam velocity. In addition, the decrease
in water layer thickness is due to an increase in steam static
pressure. Further parametric analysis of momentum transfer
associated with mass transfer and interfacial shear on the
variation of the water layer thickness and the variation of
the velocity in each phase along the channel are required.
3.2. Water layer temperature
The typical instantaneous temperature distributions of the
water layer are presented in Fig. 8. The high temperature field
indicates the condensed water and shows its interaction with
the injected cold water.
Fig. 9 shows the mean of 100 instantaneous temperature
fields in a water layer at two different axial locations of the
channel (x ¼ 0.577e0.602 m and x ¼ 0.907e0.932 m) for
various superficial steam velocities. The mean temperature
distribution indicates clear profiles of condensation at the
phasic interfaces and an increase in the depth of the
condensate accumulation.
Fig. 10 shows the mean vertical profiles of temperature in a
water layer at two different axial locations of the channel
(x ¼ 0.577e0.602 m and x ¼ 0.907e0.932 m) for various
superficial steam velocities. As shown in Fig. 10, the
temperature in a water layer increases when approaching
closer to the phasic interface. When the superficial steam
velocity is 1.2 m/s, it can be observed that the temperature
variation and its gradient in a water layer close to the bottom
surface (i.e., y=df < 0.6 at x ¼ 0.602 m, y=df < 0.7 at x ¼ 0.932 m)
is relatively small. While flowing downstream, the length of
the uniform temperature region is decreased due to an
accumulation of condensate and thermal mixing. As shown in
Fig. 10CeF, with an increase in the steam velocity, the water
layer temperature of the lower region does not remain
constant, but rises gradually. The temperature gradient in a
water layer in the lower region indicates the thermal mixing
between the condensate and injected cold water.
While going downstream, condensate layers form as
clearly shown in Fig. 9B and 9D. In addition, condensate layers
are developed owing to the buoyancy effect below the phasic
interface, which results in an increase in the mean
temperature at the interface region. The upwardly inclined
isothermal lines shown in Figs. 8, 9E, and 9F imply that
condensed high temperature water propagating into the
water layer rises due to buoyancy.
3.3. Water velocity
Fig. 11A shows the typical contours of the instantaneous
velocity vectors and their magnitude measured by the PIV
method. The instantaneous velocity distribution indicates
an irregular turbulent motion of a water layer for both
condensing steamewater and noncondensing airewater
conditions. By contrast, the mean of 5,000 instantaneous
velocity fields in a water layer (Fig. 11B) shows clear profiles.
Fig. 10 eMean vertical profiles of temperature in a water layer with different steam velocity at two different axial locations
(steamewater co-current flow). (A) x ¼ 0.602 m, jg ¼ 1.2 m/s; (B) x ¼ 0.932 m, jg ¼ 1.2 m/s; (C) x ¼ 0.602 m, jg ¼ 2.0 m/s; (D)
x ¼ 0.932 m, jg ¼ 2.0 m/s; (E) x ¼ 0.602 m, jg ¼ 2.8 m/s; and (F) x ¼ 0.932 m, jg ¼ 2.8 m/s.
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streamwise velocity (u) in a water layer and turbulent shear
stress (u'v') for various superficial gas velocities at the three
axial locations of the channel (x ¼ 0.265 m, x ¼ 0.595 m,
x ¼ 0.925 m). The mean streamwise velocity (u) and the ver-
tical distance (y) are normalized by the mean inlet water ve-
locity (Vin) and the mean water layer thickness (df )
respectively. The ensemble-average velocity component (u, v)
of the instantaneous velocity component (ui, vi) is calculated
as follows:
u ¼ 1
N
XN
i¼1
ui; v ¼ 1N
XN
i¼1
vi (6)
The horizontal (u') and vertical (v') velocity fluctuations are
calculated as follows:u'i ¼ ui  u; v'i ¼ vi  v (7)
As shown in Fig. 12A, for the airewater flow conditions, the
water layer can be divided into three zones in the vertical
direction: (1) the region close to the bottom solid wall (wall
region); (2) the interfacial region influenced by the interfacial
dynamics (interfacial region); and (3) the intermediate region
between the wall region and the interface region (buffer
region). In the interfacial region, y=df > 0.8, and the velocity
in the water layer is increased with the air flow. In the co-
current adiabatic flow condition, the air velocity is faster
than the water velocity. Thus, the higher shear of the air
imposed on the phasic interface increases the streamwise
velocity of a water layer at this interfacial region.
As shown in Fig. 12A, for the airewater flow conditions, at
x ¼ 0.265 m, air flow increases the streamwise velocity of a
Fig. 11 e Typical instantaneous and average velocity vectors and contours of their magnitudes (Top: airewater co-current
flow, x ¼ 0.907 m, jg ¼ 2.0 m/s, Bottom: steamewater co-current flow, x ¼ 0.907 m, j g ¼ 2.8 m/s.) (A) Instantaneous and (B)
average.
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are distorted at a lower region. It seems that x ¼ 0.265m is
too early in the flow channel, and thus the water velocity is
influenced by the entrance effect.
As shown in Fig. 12B, for the steamewater flow conditions,
the velocity of thewater layer is increasedwith the steamflow
in the interfacial region (i.e., y=df > 0.6 for jg¼ 1.2 m/s and y=df
> 0.4 for jg ¼ 2.0 m/s at x ¼ 0.265m) as in the case of airewater
conditions. When increasing the steam velocity and flowing
downstream, the length of the buffer region is decreased. In
addition, the streamwise velocity in the buffer region and
the wall region (y=df < 0.7 at x ¼ 0.595 m) decreases when
the steam velocity increases.
As shown in Fig. 13A, for the airewater flow conditions, the
turbulence generated by the interfacial shear is less effective
in the lower region. It seems that x ¼ 0.265m is too early in
the flow channel, thus the turbulent shear stress profiles are
influenced by the entrance effect. At x ¼ 0.595 and x ¼ 0.925,
the turbulence shear stress profile can be divided into two
regions in the vertical direction: (1) the region close to the
bottom solid wall (y=df < 0.5); and (2) the region close to the
airewater interface (y=df > 0.5). The intermediate part of
each region has an increased turbulent shear stress, thus
each region has a curved turbulent shear stress profile,
particularly for jg ¼ 2.0 m/s.As shown in Fig. 13B, however, for the steamewater flow
conditions, the turbulent shear stress is clearly increased
with an increase in the steam velocity and then decreased
while going downstream. When the inlet steam superficial
velocity is 1.2 m/s, in the region of y=df > 0.4 at
x ¼ 0.265 m, both the streamwise velocity and turbulent
shear stress have increased. As shown in Fig. 10B, the
local temperature of the water layer in the region of y=df >
0.4 tends to rise. This implies that condensate propagating
into the water layer enhances the turbulence in the water
layer.
Figs. 14 and 15 show the profiles of the turbulence intensity
in a water layer for various superficial gas velocities at the
three axial locations of the channel (x ¼ 0.265 m, x ¼ 0.595 m,
and x ¼ 0.925 m). The turbulent strength (urms,vrms), which is
defined as the root mean square of the velocity fluctuation, is
as follows:
u'rms ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u'ðtÞ2
q
; v'rms ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
v'ðtÞ2
q
(8)
In addition, the turbulence intensity (u'rms=u) is the intensity
of the turbulence that is normalized by the local streamwise
mean velocity component (u).
As shown in Figs. 14 and 15, the streamwise and vertical
velocity fluctuations are increased with the increase of gas
Fig. 12 e Mean vertical profiles of streamwise velocity in a water layer with different gas velocity and axial location. (A)
Airewater co-current flow and (B) steamewater co-current flow.
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For the steamewater flow conditions, the turbulence intensity
is more rapidly increased compared with similar inlet air flow
rate conditions. The condensate that propagated into the
water layer has an influence on the turbulence fluctuations.
As shown in Figs. 12, 14, and 15, for the steamewater flow
conditions, in the case of x ¼ 0.265 m and jg ¼ 2.0 m/s, at
around y=df >0.4, the mean streamwise velocity and turbu-
lence intensity of the water layer tend to increase markedly.
While going downstream, in the case of jg ¼ 1.6 m/s and
jg ¼ 2.0 m/s, the results of the decreased thermal mixing be-
tween the condensed water and injected cold water, theturbulence intensity for the steamewater flow conditions are
decreased.
The condensate propagates below the phasic interface
by the interfacial shear. In addition, the condensate is
entrained in the relatively low temperature of injected
water flow. As the superficial steam velocity increases, the
condensed water propagates more efficiently into the lower
region of the water layer. The turbulent thermal mixing
results from the competitive interaction between the ther-
mal buoyancy and the inertia effects. The streamwise ve-
locity of the water slows down with this effective thermal
mixing.
Fig. 13 e Mean vertical profiles of turbulent shear stress in a water layer with different gas velocity and axial location. (A)
Airewater co-current flow and (B) steamewater co-current flow.
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Fig. 16 shows the evaluated water bulk temperature along
the channel from the measured water layer temperature
for steamewater co-current flow conditions. The water
bulk temperature (Tf ) at any axial location is evaluated by
integrating the measured local water layer temperature
and velocity over the area of the water layer divided into
thin rectangular cells with a height (Dyj) of 0.1 mm as
follows:Pn
rf ðjÞTf

yj

uf

yj

DzjDyjTf ðxÞ ¼ j Pn
i
rf

yj

uf

yj

DzjDyj
(9)
As shown in Fig. 16, the increased rate of the water bulk
temperature has increased, when increasing the inlet steam
flow rate.
Fig. 17 shows the decrease of the steam superficial velocity
as a function of inlet steam superficial velocity at the two axial
locations of the channel (x ¼ 0.602 m, x ¼ 0.932 m). The
Fig. 14 e Mean vertical profiles of streamwise turbulence intensity in a water layer with different gas velocity and axial
location. (A) Airewater co-current flow and (B) steamewater co-current flow.
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increase of the water layer enthalpy (if ) as follows:
Wf ðxÞ ¼
Wf ð0Þ

CpfTf ð0Þ  ig

CpfTf ðxÞ  ig (10)
WgðxÞ ¼Wgð0Þ 

Wf ðxÞ Wf ð0Þ

(11)
At the axial location of 0.602 m, 40e48% of the steam was
condensed. At the axial location of 0.932 m, 58e97% of the
steam was condensed. The condensation rate increases
clearly with an increase in the steam flow rate. Theestimated condensation rate is analyzed with a maximum
error of 9.5%.3.5. Conclusion
Experiments for local thermal hydraulic flow characteristics
have been performed to obtain the data on the water layer
thickness, temperature, and velocity fields for a co-current
airewater and steamewater stratified flow in a horizontal
rectangular channel. The effects of steam and air flow ve-
locity on the water layer characteristics were examined for
Fig. 15 eMean vertical profiles of vertical turbulence intensity in a water layer with different gas velocity and axial location.
(A) Airewater co-current flow and (B) steamewater co-current flow.
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The condensation induced flow propagation was investi-
gated by comparing the steamewater data with airewater
data.
The main conclusions obtained in the present work can be
summarized as follows. (1) The effects of air and steam flow
rate on the phasic interaction at the gaseliquid interfaces are
significantly different in relation to the interface conditions.
The amplitude of the wave height and the average water layer
thickness in co-current airewater flows are increased owing
to the interfacial shear of the air. Meanwhile the amplitude of
wave height is not significantly increased, and the averagewater layer thickness decreases in a co-current steamewater
condition because the steam velocity is decreased along the
channel owing to the condensation of the steam. (2) The
measurements of the velocity distribution under co-current
airewater stratified flow conditions showed that the air flow
induced shear imposed on the interface increases the
streamwise velocity of the water layer at the region close to
the interface region. (3) Themeasurements of the temperature
and velocity distribution under co-current steamewater
stratified flow conditions showed that the condensate is more
effectively propagated into the lower region of the water layer
when the steam flow velocity increased.
Fig. 17 e Evaluated steam superficial velocity along the
channel (steamewater co-current flow).
Fig. 16 e Evaluated water bulk temperature along the
channel (steamewater co-current flow).
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c sound speed (m/s)
jk superficial velocity of phase k (m/s)
T temperature (C)
V velocity (m/s)
u axial velocity component (m/s)
v vertical velocity component (m/s)
x axial distance from the water inlet (m)
y vertical distance from the bottom wall (m)
Greek symbols
dk thickness of phase k (m)
Subscripts
f waterg steam; air
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